According to the canonical model of sex-chromosome evolution, the degeneration of Y or W chromosomes (as observed in mammals and birds, respectively) results from an arrest of recombination in the heterogametic sex, driven by the fixation of sexually antagonistic mutations. However, sex chromosomes have remained homomorphic in many lineages of fishes, amphibians, and nonavian reptiles. According to the "fountain-of-youth" model, this homomorphy results from occasional events of sex reversal. If recombination arrest in males is controlled by maleness per se (and not by genotype), then Y chromosomes are expected to recombine in XY females, preventing their long-term degeneration. Here, we provide field support for the fountain-of-youth, by showing that sex-chromosome recombination in Rana temporaria only depends on phenotypic sex: naturally occurring XX males show the same restriction of recombination as XY males (average map length $2 cM), while XY females recombine as much as XX females (average map length $150 cM). Our results challenge several common assumptions regarding the evolution of sex chromosomes, including the role of sexually antagonistic genes as drivers of recombination arrest, and that of chromosomal inversions as underlying mechanisms.
Introduction
A striking hallmark of sex-chromosome evolution, documented from a diversity of lineages including birds and mammals, is the strong differentiation between a large, gene-rich, autosomal-like X or Z chromosome, and a small, gene-poor, degenerated Y or W chromosome (Muller 1914; Ohno 1967; Charlesworth 1991) . Sexually antagonistic selection is classically thought to play a crucial role in this differentiation (Rice 1984 (Rice , 1987 Charlesworth and Charlesworth 2000) . As theory goes, male-beneficial mutations arising close to the sex locus on the Y chromosome should be strongly favored, even if detrimental to females, because genetic linkage makes them more likely to be transmitted to sons than to daughters. In turn, these male-beneficial mutations should favor a progressive arrest of recombination in males (the heterogametic sex), as a way to further enhance linkage with the sex locus. Finally, as a side effect of recombination arrest, deleterious mutations will accumulate on Y chromosomes (respectively, W in female-heterogametic systems) and ultimately induce their degeneration.
However, contrasting with expectations from this "canonical" model of sex-chromosome evolution, many lineages of fishes, amphibians, and nonavian reptiles present homomorphic sex chromosomes, where the Y or W lack any visible sign of decay. Two mutually nonexclusive hypotheses have been proposed to account for this discrepancy. The first one holds that sex-chromosome turnovers are frequent enough that sex chromosomes are replaced before they had time to degenerate (Schartl 2004; Volff et al. 2007 ). The second one holds that long-term differentiation is prevented by occasional XY (or ZW) recombination (Perrin 2009 ). Indirect evidence for this second hypothesis was gathered from a group of European tree frogs, which inherited the same pair of sex chromosomes from a common ancestor, some 5 Ma. Not only have sex chromosomes remained homomorphic despite the apparent absence of XY recombination in males but alleles at sex-linked genes also cluster by species (not by gametologs), testifying to a history of recurrent XY recombination (Stöck et al. 2011 (Stöck et al. , 2013 Brelsford et al. 2016a) . Using Approximate Bayesian Computations, Guerrero et al. (2012) indeed showed the rate of XY recombination in this group to depart significantly from zero, though being $10 À6 lower than that of XX recombination. A possible mechanism for XY recombination was suggested by the "fountain-of-youth" model (Perrin 2009 ), which assigns a crucial role to the occasional events of sex reversal resulting from incomplete genetic control over sex determination. If the arrest of XY recombination in males is controlled by maleness per se, and not by genotype, then Y chromosomes should regularly recombine with X chromosomes in the occasional sex-reversed XY females, preventing their progressive differentiation and ensuing degeneration. Sex-reversal experiments across a variety of taxa have indeed shown sex differences in the patterns of autosomal recombination (so-called "heterochiasmy") to depend on phenotypic sex, not on genotypic sex (Inoue et al. 1983; Wallace et al. 1997; Kondo et al. 2001; Lynn et al. 2005; Isberg et al. 2006; Campos-Ramos et al. 2009 ). In the case of sex chromosomes, however, it is less clear which of the phenotypic sex or genotypic sex is the prevalent factor of recombination. If male-beneficial genes on the Y chromosome play a central role in the arrest of XY recombination, as the canonical model predicts, then a strict genotypic control is expected (e.g., through inversions on the Y) as a way to prevent detrimental recombinations between sex-determining and sexually antagonistic alleles. As a matter of fact, X and Y chromosomes show no recombination (except in their pseudoautosomal region) in sex-reversed XY female mice, even though autosomal recombination follows the female pattern (Lynn et al. 2005) . However, the reason might merely be that eutherian sex chromosomes are too differentiated nowadays to allow recombination. Primitive sex chromosomes do seem to follow the autosomal pattern and to recombine according to phenotypic sex. The homomorphic sex chromosomes of Medaka fish, for instance, display the typical female pattern of recombination in experimentally sex-reversed XY females, and the typical male restriction of recombination in sex-reversed XX males (as well as YY males produced by mating sex-reversed XY females with normal XY males; Yamamoto 1961; Matsuda et al. 1999; Kondo et al. 2001) . These laboratory experiments confirm that sex-reversal events have the potential to maintain sex-chromosome homomorphy over evolutionary times. However, they have limited relevance regarding their actual implication. A first field support for the fountain-of-youth was provided by Matsuba et al. (2010) , who reported the absence of sex-chromosome recombination in the progeny of presumed XX males in the European common frog, Rana temporaria. However, inferences were rather indirect in this study (see Discussion), which furthermore did not include any XY female. Support for a role of sex reversal in the evolution of sex chromosomes is therefore still only indirect, as no field evidence has been gathered so far for XY recombination in XY females. Here, we provide such a field support for the fountain-of-youth, from a study of sex-chromosome recombination in a population of European common frogs.
Sex determination in R. temporaria associates with chromosome pair #1, following a male-heterogametic system. However, both the genetic component of sex determination and the extent of sex-chromosome differentiation vary within and among populations (Rodrigues et al. 2013 (Rodrigues et al. , 2014 (Rodrigues et al. , 2015 (Rodrigues et al. , 2017 Ma et al. 2016) , in association with a polymorphism at Dmrt1, a highly conserved transcription factor with well-known functions related to testis development and male differentiation across all metazoans Schartl 2011a, 2011b; Matson and Zarkower 2012) . Dmrt1 takes a central sex-determining role in birds as well as several lineages of fish and amphibians (Nanda et al. 2002; Smith et al. 2009; Yoshimoto et al. 2010) and is identified as a strong candidate sexdetermining gene in several groups of frogs, including Hylidae and Ranidae (Brelsford et al. 2016a (Brelsford et al. , 2017 Ma et al. 2016; Rodrigues et al. 2017) . In R. temporaria, the polymorphism in Dmrt1 and sex-chromosome differentiation seemingly follows a climatic cline. At one extreme are populations living in harsh conditions (high latitudes or altitudes), which show strict genetic sex determination: all females are XX and all males are XY, with well-differentiated sex chromosomes (meaning that Y haplotypes have fixed male-specific alleles at a series of anonymous microsatellite markers all along the chromosome). At the other extreme are populations living in mild conditions (low altitudes and latitudes): not only do males and females share the same alleles at all markers along the sex chromosomes (including at Dmrt1) but family analyses show a complete absence of correlation between the phenotypic sex of offspring and the inherited parental haplotypes, pointing to the absence of genetic components to sex determination (Rodrigues et al. 2014 (Rodrigues et al. , 2015 Ma et al. 2016) .
In between are populations living in intermediate climatic conditions, characterized by a mixture of XY males with fully differentiated Y chromosomes (i.e., presenting a Y-specific haplotype both at Dmrt1 and at all anonymous microsatellite markers along the sex chromosome), XY males with protosex chromosomes (i.e., presenting a Y-specific haplotype only at Dmrt1, but otherwise undifferentiated from females along the sex chromosomes), and/or XX males with undifferentiated sex chromosomes (i.e., genetically identical to females all along chromosome pair #1, including at Dmrt1). These populations may also harbor rare XY females (i.e., with malespecific alleles at all markers along the sex chromosome, including at Dmrt1). Correlations between the phenotypic sex of offspring and inherited parental haplotypes are weak on an average in these populations, and variable among families, as are progeny sex ratios (Rodrigues et al. 2014 (Rodrigues et al. , 2015 (Rodrigues et al. , 2017 Ma et al. 2016) . The most parsimonious interpretation is that sex determination is only partly genetic, with different alleles at the sex locus associating with different probabilities of developing into males or females (see, e.g., fig. 2 in Rodrigues et al. 2017) . Accordingly, XX individuals have a significant probability of developing into males, while XY individuals have a low but nonzero probability of developing into females; XY males with proto Y-chromosomes are thought to result from X-Y recombination in these rare XY females (the fountain-of-youth model).
To further explore this interpretation, we focus here on one such population (Meitreile, Western Swiss Alps) where all three types of males (XY, XY and XX) have been found to coexist with XX females and rare sex-reversed XY females (Rodrigues et al. 2017 ). This provides an ideal situation to test the fountain-of-youth model, by quantifying the effect of phenotypic sex, genotypic sex, and their interaction, on the patterns of sex-chromosome recombination. Straightforward predictions are that, if recombination arrest in males is due to structural differences between X and Y chromosomes (such as inversions), then males with undifferentiated sex chromosomes should display the same high rate of recombination as XX females, and XY females the same arrest of recombination as XY males. If, by contrast, sex-chromosome recombination only depends on phenotypic sex (as the fountain-of-youth model predicts), then the patterns of sex-chromosome recombination should depend neither on genotypic sex nor on the extent of sex-chromosome differentiation.
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Results
A total of 314 adults from Meitreile were sampled and genotyped, of which 15 mating pairs were allowed to reproduce in outdoor facilities, and their progeny analyzed for recombination patterns (40 offspring per family). Clustering analyses and visual inspection of all 314 genotypes revealed that six fathers, out of the 15 families, were XY (i.e., with differentiated Y haplotypes all along chromosome #1), five XY (i.e., with proto-Y chromosomes, only differentiated from XX females at Dmrt1), and four XX (i.e., undifferentiated from XX females all along chromosome #1, including Dmrt1). Genotypes of mothers at these same markers revealed 14 XX females and 1 XY female (i.e., with a fully differentiated Y haplotype at all markers, including Dmrt1). This was the only XY individual out of the 54 females sampled in this population (see details in Rodrigues et al. 2017 ). We will assume throughout that these XX males and XY female are truly sex reversed; alternative interpretations with counter-arguments will be presented in the Discussion.
Individual recombination maps varied from 0.0 to 15.9 cM in males and from 72.0 to 264.0 cM in females (supplementary fig. S1 , Supplementary Material online). Consensus maps reached 2.0 cM for males versus 149.8 cM for females, that is, a 75-fold difference between sexes ( fig. 1) . A GLM analysis performed on adult map lengths (n ¼ 30) revealed a highly significant effect of phenotypic sex (P ¼ 9.83Â10 À16 ), but no independent effect of genotypic sex (XY vs. XY vs. XX; P ¼ 0.39) and no interaction (P ¼ 0.26). Results are visualized in figure 2 as box plots for males (blue) and females (red) as a function of their sex genotypes. The frequency of crossovers in progenies varied from 0.0 to 0.125 per meiosis for paternally inherited haplotypes (clutch averages; grand mean 0.018 6 0.033 SD) and from 0.8 to 1.95 for maternally inherited haplotypes (grand mean 1.217 6 0.321 SD). A GLMM performed on the 600 offspring (i.e., 1,200 haplotypes) confirmed a highly significant effect of parental phenotypic sex on the occurrence of crossovers (P ¼ 1.628Â10
À15
; table 1), but no effect of genotype, either alone or in interaction with sex. As expected from the uneven distribution of markers along the chromosome ( fig. 1 ), there was a large effect of chromosomal segment (P ¼ 2.20Â10 À16 ), and, as expected from differences in individual map lengths (supplementary fig. S1 , Supplementary Material online), there was a significant residual variance among parents besides that explained by phenotypic sex (P ¼ 1.187Â10
À4
). From our results therefore ( fig. 2) , XX males did not show more recombination than those with either proto-Y (XY ) or fully differentiated (XY) sex chromosomes. Similarly, the only XY female did not show less recombination than XX females. In both cases, the tendency was actually in the opposite direction.
Discussion
Recombination maps for sex chromosomes were $75 times shorter in males than in females. This ratio is in line with the overall strong heterochiasmy that characterizes amphibians in general, where males seem to recombine much less than females genome-wide (Nishioka and Sumida 1994; Brelsford et al. 2016b; , corroborating cytogenetic evidence that chromosomes only pair at their extremities during male meiosis (Morescalchi and Galgano 1973; Miura 1994) . For comparison, autosomal map lengths reported for R. temporaria by Rodrigues et al. (2013) ranged 0-8.2 cM in males versus 15.9-199.0 cM in females. Summed over all linkage groups, genome-wide map in this previous study was 12.2 cM for males versus 869.8 cM for females, that is, a $70-fold difference between sexes. Our present data compare well with these values, suggesting the same sex bias for sex chromosomes as for autosomes. Furthermore, as we show here by including sex-reversed individuals in the analysis, this bias is entirely explained by phenotypic sex, with no detectable effect of genotypic sex or sex-chromosome differentiation, either alone or in interaction.
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Males, in particular, had strongly reduced recombination independent of their sex genotype (XY, XY , or XX). This definitely shows that the arrest of sex-chromosome recombination in males is not controlled by structural differences between X and Y chromosomes (such as inversions). As mentioned in Introduction, Matsuba et al. (2010) have already reported the absence of recombination in the progeny of presumed XX males in Rana temporaria, but inferences were rather indirect in their case: parental genotypic sexes were assigned based on three microsatellite markers, and their genotypes reconstructed from field-caught clutches, implying a risk of multiple paternities (excluded in our case by maintaining mating pairs in separate tanks before egg laying). Moreover, parental recombination rates were estimated from two markers only, assuming that the parental haplotype showing no recombination originated from the father, by default. As Dmrt haplotypes were not investigated, these males might actually have had proto-sex chromosomes (XY ). More importantly (as far as evolutionary consequences are concerned), our present results provide field support for the prediction that fully differentiated XY chromosomes recombine in XY females. Sex-reversed XY females seem quite rare overall, much more so than XX males (Rodrigues et al. 2014 (Rodrigues et al. , 2017 . Our sampling was lucky enough to get one such individual (actually the only XY individual among the 54 females sampled in this population). Despite the small sample size (one XY female out of seven XY parents), this female is an obvious and highly significant outlier in the distribution of recombination map lengths. After square-root transform to normalize data, the difference between this female's map length and the average for XY males exceeds by 9-fold the SD from the XY male distribution. From the normal distribution, the probability to obtain by chance a difference at least as large is in the order of 10 À19 (one-sided test). Our results, therefore, bring support for the fountain-of-youth model, by showing that X and Y chromosomes recombine in naturally occurring sex-reversed XY females. From the individual-based simulations of Grossen et al. (2012) , one single XY female per generation in a population of 10,000 individuals is far enough to prevent XY differentiation. From the comparison between inter-and intraspecific XY differentiation in European Hylid frogs, Guerrero et al. (2012) estimated the rate of XY recombination to be $10 À6 that of XX recombination. Hence, even rare sex-reversed XY females seem sufficient to account for the maintenance of sex-chromosome homomorphy.
A caveat applies nevertheless, since the functional proof that Dmrt1 is the sex-determining gene is still missing. It might thus be argued that 1) sex is actually not determined by Dmrt1, but by a yet unidentified sex locus located between Dmrt1 and one of the two markers flanking it on the left or on the right; and 2) our "XX" males and "XY" females stem from mutual recombination (double crossovers) between X and Y chromosomes in XY males, resulting in "XY" daughters with a female-determining genotype and "XX" sons with a maledetermining genotype at the unidentified sex locus. Sex determination would still be purely genetic, preventing us from disentangling the effects of phenotypic and genotypic sex on recombination. Accordingly, our results would have limited relevance for the evolutionary dynamics of sex chromosomes. They would still discard a role for structural differences between sex chromosomes (e.g., inversions) in controlling their recombination, but would account neither for the presence of proto-sex chromosomes (XY males) nor for the maintenance of sex-chromosome homomorphy on the long term, because the recombined "Y" haplotypes transmitted to her progeny by an "XY" female would only occur in daughters, not in sons. Formally, this alternative hypothesis might be tested through the phenotypic sexing of offspring, since an excess of males is expected in the progeny of truly sexreversed XY females, and of females in the progeny of XX males. Unfortunately, progenies in our families were sacrificed at a too early stage (Gosner stage 25) to allow phenotypic sexing. However, as argued below, this alternative hypothesis involving double crossovers is not parsimonious.
First, mutual recombination should produce the same proportions of "XY" females and "XX" males, whereas 100 males out of 260 sampled in Meitreile were XX (> 40%), as opposed to one single XY female out of 54 (< 2%; Rodrigues et al. 2017) . The same asymmetry occurred in the other Alpine population investigated by Rodrigues et al. (2017) , with 10 XX males out of 31 (> 30%) but one single XY female out of 27 (<4%). Second, this alternative hypothesis fails to account for both the presence of XY males and the absence of XY females. If sex determination was strictly genetic, malespecific Y haplotypes should all be fully differentiated from X haplotypes (as they are in high-latitude populations with purely genetic sex determination; Rodrigues et al. 2014 Rodrigues et al. , 2015 ; NOTE.-The number of crossovers in a progeny depends strongly on parental phenotypic sex (P), but neither on genotypic sex (G), nor on the interaction (PÂG). There is also a significant effect of chromosomal segment, and a significant heterogeneity among parents, besides that explained by phenotypic sex.
Sex-Chromosome Recombination in Common Frogs . doi:10.1093/molbev/msy008 Ma et al. 2016) . Reciprocally, given the recombination that occurs in "XY" females, we should find a significant proportion of females with Y-specific Dmrt1 alleles but otherwise lacking a differentiated Y haplotype. In other words, recombined proto-Y chromosomes should be found in females, not in males. Third, the observed proportions of sex reversals are extremely unlikely under a double-crossover scenario. Given that the XY females identified so far present Y-specific alleles at all markers along the sex chromosome (including at the Dmrt gene cluster), the two crossovers should have occurred 1) in the immediate vicinity of the putative sex locus, each side of it, and 2) in the immediately preceding generation, that is, in the fathers of these XY females (because the high recombination rate in females is enough to reshuffle Y haplotypes in one single meiotic event, as our study shows). The recombination rate is very low in males. With a total map length of 2.0 cM, the probability of one crossover per male meiosis is (from the Poisson distribution) 1.96E-02, and that of two crossovers 1.96E-04. As developed in supplementary text S1, Supplementary Material online, the probability that two crossovers occur each side of the putative sex locus, within the interval between Dmrt1 and one of the two flanking markers (0.4 cM in total), can be conservatively estimated to 3.98E-06 (i.e., we expect at most 4 "XY" females out of 1 million). From the binomial distribution, the probability that such a mutual recombination occurred in the fathers of the two XY females out of 81 sampled by Rodrigues et al. (2017) is 5.14 E-08 (i.e., there were five chances out of 100 millions of finding two "XY" females in this sample). The probability that similar double crossovers also occurred in each of the fathers of 100 XX males (out of 260 sampled in Meitreile) is obviously infinitesimally small. The related hypothesis that "XX" males and "XY" females might result from gene conversion in XY males suffers from similar drawbacks. Such gene conversion events would have to be 1) highly specific to the sex locus (as none were documented from other loci along the sex chromosomes), 2) very frequent (to account for $40% of "XX" males and $2% of "XY" females, and 3) strongly asymmetric (with $20 times higher probability of conversion from the X to the Y allele than the reverse). In addition, this hypothesis would also fail to account for both the presence of XY males and the absence of XY females. Acknowledging instead that different alleles at the sex locus (be it within the Dmrt1 cluster or in its immediate vicinity) associate with different probabilities of developing into either sex offers a parsimonious way to account for a series of empirical facts, including 1) the occurrence of female biases in the progeny of XX males (Rodrigues et al. 2013 (Rodrigues et al. , 2015 Ma et al. 2016) , 2) the evidence for a nongenetic component to sex determination (Rodrigues et al. 2015; Ma et al. 2016) , 3) the presence of males with proto-Y chromosomes (Ma et al. 2016; Rodrigues et al. 2017) , and 4) the maintenance of sex-chromosome homomorphy over evolutionary times, all patterns that can be explained neither by double crossovers nor by gene conversions. We think therefore that alternative scenarios involving double crossovers or gene conversions can be safely discarded, and that our present results have the potential to account for the lack of sexchromosome differentiation in Rana temporaria, and by extension in other lineages of amphibians, fishes, and nonavian reptiles where sex reversal events have also been documented (Dournon et al. 1990; Devlin and Nagahama 2002; Eggert 2004) .
The present support for sex-chromosome recombination in XY females runs against the common assumption that the arrest of XY recombination is mediated by chromosomal inversions (which would impede recombination independent of phenotypic sex). The documented sex difference in recombination rate is clearly epigenetic (in the sense of resulting from the variable expression of the same genotypes), and triggered by features associated with phenotypic sex. Given that autosomes show the same restriction of male recombination, the reason might simply lie in fundamental sex differences in meiosis. In amphibians (and vertebrates in general), the whole process of meiosis differs largely between the two sexes, regarding both the time scales of spermatogenesis and oogenesis, respectively, as well as the cell types in which those two processes occur.
Our results also challenge another common assumption, central to the canonical model of sex-chromosome evolution, regarding the presumed instrumental role played by malebeneficial genes as a selective force responsible for the arrest of XY recombination (see Introduction). The present evidence for functional and fertile XX males and XY females in natural populations clearly argues against an important role for sex-linked genes in controlling sex phenotypes in common frogs. Moreover, Ranidae show a very high turnover of sex chromosomes, which may even differ between conspecific populations (Sumida and Nishioka 2000; Miura 2007 ). If sex phenotypes were mostly controlled by sex-linked genes, sexual dimorphism would be lost (and have to be rebuilt again) at each turnover. This point certainly deserves further investigations. Populations like the one under study offer ideal opportunities to evaluate whether and how the presence/ absence of differentiated Y chromosomes affects the relative fitness of males and females under field conditions, and present therefore a high potential to further test alternative models of sex-chromosome evolution.
Materials and Methods
Our study site (Meitreile) is a small breeding pond in the lower subalpine zone of the Western Swiss Alps (46 22 0 4.9 00 N, 7 9 0 53.1 00 E; 1,798 m). The Y haplotypes at this site have been characterized, and the association between Dmrt1 and sex-chromosome differentiation investigated, by genotyping 260 males and 54 females for 16 sex-linked markers, including 12 anonymous microsatellites and four length polymorphisms within the Dmrt gene cluster (Rodrigues et al. 2017) . Among these 314 individuals, 15 mating pairs had been captured in amplexus during the 2014 breeding season (April), brought to outdoor facilities at the Lausanne University campus, and maintained overnight separately in 500-l tanks to lay a clutch. On the next day, adults were sampled for DNA (buccal swabs) before release at the Rodrigues et al. . doi:10.1093/molbev/msy008 MBE place of capture. Tadpoles were euthanized one month after hatching (MS-222 0.15 g/l, buffered with sodium bicarbonate 0.3 g/l) and preserved at À20 C. All 30 adults and a total of 40 offspring per clutch were genotyped for the same 16 sexlinked markers (see Rodrigues et al. 2013 and Ma et al. 2016 for primer sequences and PCR protocols).
Clustering analyses and visual inspection of all 314 genotypes revealed that six fathers, out of the 15 families, were XY (i.e., with differentiated Y haplotypes all along chromosome #1), five XY (i.e., with proto-Y chromosomes, only differentiated from XX females at Dmrt1), and four XX (i.e., undifferentiated from females all along chromosome #1, including Dmrt1). Several distinct haplotypes were found within the XY and XY males; following the proposed nomenclature (Rodrigues et al. 2017 cluster of fig. 1b in Rodrigues et al. 2017) .
Recombination maps were built with CRIMAP v2.4 (Green et al. 1990 ). Sex-specific recombination rates between all possible pairs of the whole set of 16 markers were calculated for each of the 15 families, running the TWOPOINT option; all pairwise associations with a LOD score (logarithm of odds, base 10) exceeding 3.0 were considered significant. Loci were then ordered by running the ALL and FLIPS options; the BUILD option was used to calculate recombination distances between loci (Green et al. 1990 ). We used MAPCHART v2.2 (Voorrips 2002) to construct individual recombination maps, as well as consensus maps for males and females. Based on the established loci order, offspring genotypes were then visually inspected to detect, for each chromosomal segment (i.e., each interval between neighboring informative markers), whether a crossover had occurred on the paternal or maternal haplotype.
We used a generalized linear model (GLM) to predict the lengths of all 30 recombination maps as a function of phenotypic sex, genotypic sex, and interactions (Faraway 2006 ). These factors were tested with a two-way ANOVA after normalizing data with a square-root function. We also applied a generalized linear mixed model (GLMM) to predict, for each of the 600 offspring, the presence of crossovers in their paternally and maternally inherited haplotypes, as a function of parental sex, genotype, and interaction (fixed effects), while controlling for chromosomal segment (random effect) and individual parent (random effect; offspring nested within parents). The response variable was binomial (presence/absence of a crossover in a given segment); nonsignificant factors and interactions were removed through a backward selection procedure, dropping from the full model first the interaction effect, then main effects, and using the observed changes in AIC for model comparisons (lmer function, lme4 package in R; Bates et al. 2015) .
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